Development of the cerebral cortex may be affected by aberrant white matter development. Preterm birth with very low birth weight (VLBW) has been associated with reduced fractional anisotropy of white matter and changes in cortical thickness and surface area. We use a new methodological approach to combine white and gray matter data and test the hypothesis that white matter injury is primary, and acts as a mediating factor for concomitant gray matter aberrations, in the developing VLBW brain. T1 and dMRI data were obtained from 47 young adults born preterm with VLBW and 73 term-born peers (mean age ¼ 26). Cortical thickness was measured across the cortical mantle and compared between the groups, using the FreeSurfer software suite. White matter pathways were reconstructed with the TRACULA software and projected to their cortical end regions, where cortical thickness was averaged. In the VLBW group, cortical thickness was increased in anteromedial frontal, orbitofrontal, and occipital regions, and fractional anisotropy (FA) was reduced in frontal lobe pathways, indicating compromised white matter integrity. Statistical mediation analyses demonstrated that increased cortical thickness in the frontal regions was mediated by reduced FA in the corpus callosum forceps minor, consistent with the notion that white matter injury can disrupt frontal lobe cortical development. Combining statistical mediation analysis with pathway projection onto the cortical surface offers a powerful novel tool to investigate how cortical regions are differentially affected by white matter injury.
Introduction
Cerebral white matter injury is considered the dominant lesion in children born preterm with very low birthweight (VLBW; < 1500g) (Volpe, 2008) . White matter axons grow rapidly during the last trimester of gestation and in the early postnatal period, the peak period of vulnerability for periventricular leukomalacia (PVL). The main initiating pathogenic mechanisms in PVL are ischemia and inflammation, triggered by such conditions as maternal intrauterine infection or postnatal sepsis (Volpe, 2009) . The resulting widespread gliosis and axonal damage may also disturb the early formation, development, and maturation of the cerebral cortex (Back, 2014; Back and Miller, 2014; van Tilborg et al., 2016; Volpe, 2009) . Neurons migrate from the subventricular zone to their cortical destination during the second trimester of gestation (Rakic, 1988; Sidman and Rakic, 1973) and disruption of this process or of subsequent synapse formation, pruning or myelination can lead to cortical maldevelopment. Although both white matter and gray matter structural abnormalities are detectable using quantitative magnetic resonance imaging (MRI), little is known regarding the relationship between white matter injury and cortical dysmaturation or maldevelopment.
Diffusion-weighted MRI (dMRI) has revealed that diffuse white matter injury is often accompanied by low fractional anisotropy (FA), which can be indicative of disorganization or decreased microstructural integrity, and decreased FA values are therefore considered a pathophysiological feature of diffuse white matter injury (van Tilborg et al., 2016) . dMRI studies have demonstrated reduced FA in preterm born children at term equivalent age, compared to term born controls (Huppi et al., 2001) . These changes appear to persist through childhood and into adolescence (Anjari et al., 2007; Bassi et al., 2008; Constable et al., 2008; Nagy et al., 2003; Partridge et al., 2004; Rose et al., 2008; Vangberg et al., 2006; Yung et al., 2007) and early adulthood (Eikenes et al., 2011; Olsen et al., 2018) . However, tractography studies also find increased FA in several white matter pathways in children and teenagers born preterm (Groeschel et al., 2014; Travis et al., 2015) , possibly reflecting selective disruption of one fiber population in crossing fiber regions.
A number of brain morphometry studies have demonstrated cortical thinning in posterior temporal and parietal regions, and cortical thickening in frontal and occipital regions, in preterm born children (Sølsnes et al., 2015a) , adolescents (Martinussen et al., 2005) , and young adults (Bjuland et al., 2013; Nam et al., 2015) . The source of this discrepancy is unknown but it is possible that temporo-parietal reductions can be explained, at least partly, by axonal degeneration due to focal PVL, whereas the increases in frontal thickness may reflect disrupted or delayed pruning, dysmyelination, and/or other diffuse white matter damage.
The main purpose of this study was to test the hypothesis that cortical maldevelopment is secondary to primary white matter injury. The precise relationship between white matter injury and cortical deviations in VLBW is largely uncharted territory and difficult to test directly in an observational study. However, if the hypothesis is correct, and provided that white matter injury manifests as reduced FA, it should be possible to show that FA acts as a statistical mediator on cortical thickness deviations in the VLBW population.
We examined a cohort of 26-year-olds born preterm with VLBW and a coetaneous term-born control group, using surface-based cortical morphometry and dMRI-based tractography (TRACULA). TRACULA reconstructs white matter pathways using information on their relative positions with respect to the surrounding anatomical regions in native space. We projected the endpoints of these white matter pathways onto the subject's cortical surface, thus obtaining cortical regions tailored to the individual's own pathways, and measured cortical thickness in these "endpoint regions." We then employed statistical mediation analysis (MacKinnon and Dwyer, 1993; Valeri and Vanderweele, 2013) to investigate whether there is an indirect effect of being born with VLBW on cortical thickness, mediated by reduced FA in white matter tracts projecting to the cortical endpoint regions.
First, we investigated group differences in cortical thickness between VLBW and controls, hypothesizing (1) that we would replicate previous findings of increased frontal and occipital, as well as reduced temporoparietal, cortical thickness (Bjuland et al., 2013; Martinussen et al., 2005; Nam et al., 2015; Sølsnes et al., 2015a) . Next, we investigated group differences in FA, anticipating (2) abnormal FA in white matter pathways projecting to cortical regions showing deviant cortical thickness in VLBW (reduction or increase). Third, we hypothesized (3) that deviations of cortical thickness in VLBW are mediated by abnormal FA in the white matter pathways selected in (2).
Methods

Subjects
This is a hospital-based follow-up study of three year cohorts (birth years 1986-88) of subjects born preterm with VLBW (birth weight 1500 g) and a term-born control group with normal birth weight (birth weight !10th percentile), at around 26 years of age. Detailed inclusion criteria and results from multidisciplinary clinical assessments and cerebral MRI at ages 15 and 20 are reported in earlier publications (Bjuland et al., 2013; Indredavik et al., 2004; Martinussen et al., 2005; Skranes et al., 2007 Skranes et al., , 2013 .
VLBW group
Between 1986 and 1988, 121 VLBW children were admitted to the Neonatal Intensive Care Unit at the St. Olav's Hospital, Trondheim University Hospital, Norway. Of these, 33 died, two were excluded at birth due to congenital syndromes or malformation, and two were excluded at follow-up due to severe cerebral palsy (quadriplegia with mental retardation). Hence, 84 were eligible and invited to participate at 26 years of age, of whom 47 (43% males) consented to participate and had usable MRI data. Two VLBW participants had mild cerebral palsy, classified as grade I-II (both diplegic) according to the Gross Motor Function Classification System (GMFCS).
Term-born control group
The control participants were recruited in Trondheim as part of a multi-center study, in which 1200 pregnant women with a singleton pregnancy and expecting their second or third child, were enrolled before week 20 of pregnancy. A 10% random sample selected by the sealed envelope method was chosen for follow-up, serving as a population reference. The control group comprised 120 children born at term with birth weight !10th percentile, adjusted for GA and gender, but since two children were excluded due to congenital malformations, 118 children were eligible for follow up. At 26 years of age, 73 (55% males) individuals consented to participate in MRI scanning and had usable MRI data.
Non-participants
Thirty-seven VLBW and 45 controls were lost to follow-up. Separate independent-samples t-tests for VLBW and controls were conducted to compare birth weight (BW), gestational age (GA), and socio-economic status between participants in the present study and non-participants lost to follow-up. Mean GA was lower for non-participants than participants, both in the VLBW group (M ¼ 27.9, SD ¼ 2.6 vs. M ¼ 29. Table S2 in Supplementary material for more details). (Table S3 in Supplementary material details clinical and demographic data for those who were excluded due to low MR image quality).
Perinatal data
BW, GA, and perinatal risk factors, such as number of days on mechanical ventilator, total days of stay in the neonatal intensive care unit (NICU) and presence or absence of focal brain pathology seen on neonatal ultrasonography, were recorded.
Cognitive assessment
Intelligence Quotient (IQ) scores were obtained from the Wechsler Adult Intelligence Scale (WAIS) 3rd ed (Wechsler et al., 2003) when the participants were 20 years old, administered by a clinical neuropsychologist (Løhaugen et al., 2010) . The full IQ score was based on the results from 11 subtests.
Socio-economic status
Hollingshead's Two Factor index of Social position was used to calculate socio-economic status (SES) based on the education and occupation (adapted to today's categories) of one parent, or the mean index of both parents (Hollingshead, 1957) . Parental SES was collected at 14-15 years of age (Indredavik et al., 2004 ) and supplemented at 19-20 years (Løhaugen et al., 2010 (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 2000; Fischl et al., 1999a Fischl et al., , 1999b Fischl et al., , 2001 Fischl et al., , 2004b . Matching of cortical geometry across subjects is achieved by registration to a spherical atlas based on individual cortical folding patterns (Fischl et al., 1999b) . Cortical thickness estimates were obtained as described in previous publications (Fischl and Dale, 2000; Winkler et al., 2017) . The two cerebral hemispheres were processed separately, and cortical thickness was measured in more than 160 000 locations (vertices) across the cortical mantle. The thickness maps were smoothed with a full-width-half-maximum Gaussian kernel of 30 mm (662 iterations).
2.2.2.2. dMRI tractography. TRACULA (TRActs Constrained by UnderLying Anatomy), as implemented in FreeSurfer 5.3.0, was used for dMRI analysis and tractography (Yendiki et al., 2011) . Briefly, TRACULA performs global probabilistic tractography with anatomical priors, given a subject's dMRI data and cortical and subcortical segmentation labels from FreeSurfer (Fischl et al., 2002 (Fischl et al., , 2004a (Fischl et al., , 2004b . TRACULA estimates the posterior probability of each pathway, which consists of a likelihood term that fits the pathway to the diffusion orientations obtained from a "ball-and-stick" model of diffusion (Behrens et al., 2007) , as well as a prior term, which incorporates anatomical knowledge on the pathways from a set of healthy adult training subjects. The prior term expresses the probability of each pathway to pass through, or lie adjacent to, each anatomical segmentation label, calculated separately for every point along the pathway's trajectory. The anatomical segmentation labels come from the cortical parcellation and subcortical segmentation of T1-weighted MPRAGE images in FreeSurfer. Thus, the information that TRACULA learns from the training data is only the relative position of the pathway with respect to its surrounding anatomy, and not the absolute coordinates of the pathway in a template space. As a result, it does not require exact alignment of subjects in template space. In order to test hypothesis (3) that white matter lesions mediate the effect of being born preterm with VLBW on cortical thickness, we selected the white matter pathways that project to cortical regions where abnormal cortical thickness has been observed in VLBW. Increased cortical thickness has consistently been observed in the orbitofrontal and medial anterior superior frontal gyrus (SFG) and the medial occipital lobe, and reduced cortical thickness in temporo-parietal regions bilaterally (Bjuland et al., 2013; Nam et al., 2015; Rimol et al., 2016; Sølsnes et al., 2015a) . Therefore, based on these previous cortical thickness findings, the following eight pathways were included: corpus callosum forceps minor (projects to: anterior medial SFG), uncinate fasciculus left and right (from anterior temporal to orbitofrontal cortex), corpus callosum forceps major (to medial occipital cortex), superior longitudinal fasciculus -parietal bundle (SLF(p) left and right, superior longitudinal fasciculus-temporal bundle (SLF(t), also called arcuate fasciculus) left and right (all of which project from the frontal lobe to the temporo-parietal junction). Mean fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) were assessed in each of the eight selected white matter pathways. For each pathway, only subjects that passed a tractography quality control were included in the analyses.
Tract endpoint cortical thickness analysis.
In order test the hypothesis that cortical thickness changes are secondary to FA reductions in white matter tracts, we projected the endpoints of the various tracts onto the cortical surface in the subject's native space and obtained cortical thickness data from these cortical endpoint regions. Thus, we obtained regions of interest for the endings of each pathway on the cortical surface by mapping the probability distribution of each of the two end regions of each pathway, as computed by TRACULA, from its native dMRI space to the space of the same subject's T1-weighted image. We projected the tract endpoints onto the gray/white matter surface by sampling along the surface normal vector, anywhere within 6 mm (3 dMRI-space voxels) of the gray/white junction, and then smoothing along the surface with a 2D Gaussian kernel of 6 mm full width at half maximum. The advantage of this approach is that instead of relying on regions defined on an average brain, which would require highly accurate inter-subject registration, TRACULA reconstructs white matter pathways using only prior information on the relative positions of the pathways with respect to the surrounding anatomical regions in native space.
Tractography pointwise analysis.
In order to explore how the significant group effects were distributed along the selected white matter pathways, data were obtained from multiple contiguous cross-sections along each pathway. TRACULA estimates the posterior probability distribution of each pathway in the native dMRI space of each subject and finds the maximum probability path, which is a 1D curve in that space. It then calculates the expected value of FA, MD, RD, or AD as a function of position along the pathway by performing a weighted average of the values of each of these four measures at each cross-section of the pathway. These cross-sections are defined at each voxel along the maximum probability path. This yields a 1D sequence of values for each of the four measures, computed in the native space of each subject. Correspondence of points between these sequences from different subjects is established by aligning the mid-points of the sequences. These sequences can be used for pointwise analyses of each measure along the trajectory of a pathway.
Statistics
Statistical software
Demographic and clinical variables were examined with IBM SPSS 20. Student's t-test was used for group comparisons of demographic and clinical characteristics, and the Chi square test was used to compare the sex distributions of the groups. The software package 2015b (The MathWorks, Inc., Natick, Massachusetts, United States) was used for statistical analysis of brain morphometry data.
Cortical morphometry
General Linear Models (GLM), with cortical thickness as dependent variable, and age (at time of MR scan) as a continuous predictor, and sex and group (controls, VLBW) as categorical predictors were fitted for every vertex across the cortex. Interactions between age and group, and sex and group, were tested for across the cortical mantle and no significant interaction was found in any analysis (corrected with 5% FDR), so interaction terms were not included in the final analyses. Finally, significance tests were performed to compare the VLBW group to the group of term-born controls. The hemispheres were analyzed separately and maps of effect sizes and p-values (p-maps) were generated. To correct for multiple comparisons, the two p-maps from left and right hemisphere were combined and thresholded to yield an expected false discovery rate (FDR) of 5% across the hemispheres (Benjamini et al., 2006) .
Analysis of dMRI-data
The dMRI-data from TRACULA were analyzed using GLMs with mean FA, MD, RD, or AD as dependent variable, age (at time of MR scan) and the total (head) motion index (TMI) from Yendiki et al. (2013) as continuous predictors, and sex and group (controls, VLBW) as categorical predictors. Interactions between group and age, sex, and TMI were tested for and not found to be significant for any of the pathways studied. However, there were non-significant trends for some of the pathways toward a negative relationship between TMI and FA in the VLBW group. Closer analysis revealed that this was limited to two subscales of TMI representing signal dropout, i.e. "Percentage of slices with signal drop-out" and "Signal drop-out severity" (Yendiki et al., 2013) . In order to control for any undue influence from low quality data on our analyses, we reran all dMRI analyses excluding subjects that had a Z-score >2 on either of the two signal dropout scores. After the outliers had been removed, there were no significant or trend-level interactions between group and TMI on FA. The main conclusions remained the same in both analyses, regardless of whether the outliers were included or excluded. The results from the analyses without outliers are presented in the paper. Contrast vectors were specified to test for group differences and the Holm-Bonferroni procedure was used to correct for multiple comparisons across the eight pathways that were considered.
Mediation analysis: combining cortical thickness and dMRI
To test the hypothesis that group differences in gray matter (cortical thickness) are secondary to white matter injury, we performed a statistical mediation analysis that assesses indirect effects of the independent variable (group) on the dependent variable (cortical thickness) through the independent variable's effect on a mediating variable (FA) (MacKinnon and Dwyer, 1993; Valeri and Vanderweele, 2013) . We used cortical thickness data from the cortical endpoint regions of each pathway (see Fig. 3 ) as the exposure variable, and fitted two models; one with FA as dependent variable and group (controls ¼ 0, VLBW ¼ 1), sex and age as predictor variables, and a second model with cortical thickness as dependent variable and group, sex, age, FA, and group*FA as predictor variables. The natural direct effect (NDE) and natural indirect (NIE) effect of group (VLBW) on cortical thickness were calculated as described in Valeri and Vanderweele (2013) . The NDE expresses how large the difference in cortical thickness would be between VLBW (exposure ¼ 1) and controls (exposure ¼ 0) if, for each participant, the mediator (FA) were kept at the mean level of the control group. The NIE expresses how much cortical thickness would change, on average, if exposure were kept at 1 (VLBW) but the mediator were changed from the level it would take if exposure ¼ 0 to the level it would take if exposure ¼ 1. The sum of NDE and NIE comprises the total effect of the exposure variable (VLBW) on the dependent variable (cortical thickness), and the NIE represents the mediation effect of FA in the current analyses. For each cortical endpoint region, NDE and NIE were calculated using the average values for age and sex from the entire sample. The software Mplus 8 (Muth en and Muth en, 1998-2011) was used to bootstrap confidence intervals for NDE and NIE.
Tractography pointwise analysis
To explore the localization of group differences in FA along the pathway, pointwise significance tests were performed for each 2.5 mm segment. GLMs were fitted for each segment, with FA as dependent variable and group, sex, age, and TMI as predictors, and group differences were tested for significance. In order to control the false positive rate, we chose to report findings only if they showed a significant group difference (p < .05) over a contiguous segment of at least 1 cm in length along a given pathway.
Ethics
The Regional Committee for Medical Research Ethics (Norwegian Health Region IV) approved the study protocols (project numbers: 78-00 May 2000; 4.2005 .2605 2013/636 REK midt) , and every participant gave written informed consent.
Results
Demographic and clinical variables
Demographic and clinical variables are presented in Table 1 . Only three participants (out of 25 (12%) for whom neonatal ultrasound data were available) had grade 1 intraventricular hemorrhage (IVH) (see Table 1 ). Fig. 1 displays cortical regions where VLBW showed either significantly reduced (red-yellow) or increased (blue) cortical thickness compared to term-born controls. Cortical thickness was reduced bilaterally in lateral temporo-parietal regions and was increased mainly on the medial aspect of the hemispheres, primarily in the orbitofrontal cortex (OFC), extending into the rostral medial superior frontal gyrus (SFG), but also in the medial occipital lobe, including the cuneus. Table 2 shows mean FA, AD, RD, and MD from the whole tract, for the eight tracts investigated. The statistical analyses showed significantly reduced FA in the VLBW group, relative to term-born controls, in forceps minor and left and right uncinate fasciculus, as well as increased FA in the right SLF(p) ( Table 3 ). In order to explore the possible causes of reduced FA, the AD (greatest eigenvalue of the diffusion tensor) and RD (average of the two smallest eigenvalues of the diffusion tensor) were analyzed. Left and right uncinate fasciculus showed significantly increased RD, and right SLF(t) showed significantly increased AD. There were trend-level increases in AD in right SLF(p) and left SLF(t), and a trend-level decrease in AD and increase in RD in forceps minor. In addition, MD was significantly increased in the left uncinate.
Cortical morphometry
Analysis of dMRI-data
3.4.
To what extent do FA reductions in white matter mediate the effect of VLBW on cortical thickness? Table 4 shows mean cortical thickness in the cortical endpoint regions included in the statistical mediation analyses. Table 5 displays the results of the mediation analyses for selected cortical endpoint regions (Supplementary table 1 shows the results for all regions). The results demonstrate significant mediation effects (NIE) for forceps minor bilaterally in the anterior medial SFG and the orbitofrontal cortex. The estimated NIE of VLBW was 13% (of the total effect of VLBW) in the left hemisphere and 22% in the right hemisphere. In other words, FA changes mediated 13% of the cortical thickness increase ascribed to VLBW in the left hemisphere, and 22% in the right hemisphere.
Pointwise analyses of dMRI measures along each tract
The pointwise analyses of group differences showed significantly lower FA in the VLBW group in a 3 cm long segment in the central and frontal lobe portion of the right uncinate fasciculus, as well as a 1 cm long segment in the temporal lobe portion (see Fig. 2 ). There was also significantly reduced FA in a 4 cm long segment the left uncinate fasciculus. Finally, a 2.25 cm long segment in the central portion of forceps minor and two segments in forceps major, 1 cm on the left and 2.5 cm on the right, also showed reduced FA in the VLBW group.
In order to explain the increased mean FA in the right SLF in the VLBW group, we explored the corticospinal tract, which contains descending projection fibers that cross the association fibers of the SLF in the corona radiata/centrum semiovale region, since crossing fibers are Fig. 1 . Group differences in cortical thickness. The figure shows p-value maps from significance tests of group differences in cortical thickness, corrected with a 5% false discovery rate. Red to yellow regions show significant reduction in the VLBW group relative to the term-born control group. Blue to light blue regions show significant cortical thickening in the VLBW group relative to the controls. The table shows group differences (VLBW, controls), for the four DTI-parameters considered. The results are from analyses using general linear models with FA, AD, RD, or MD as dependent variable and group, sex, age, and total motion index as independent variables. Significant p-values in BOLD; * significant after Bonferroni-Holms correction for multiple comparisons. Abbreviations: FA: fractional anisotropy, AD: axial diffusivity, RD: radial diffusivity, MD: mean diffusivity.
known to cause problems for the tensor model and may produce unexpected findings of increased FA (Groeschel et al., 2014) . The pointwise analysis revealed that FA was lower in the corona radiata/centrum semiovale region of both pathways in both groups, and that the FA group difference was also located in this region of crossing fibers (see Supplementary figure S1 ). Hence, it is possible that the FA group difference simply reflects fewer crossing fibers in VLBW.
Discussion
We found increased cortical thickness in frontal and occipital regions, as well as reductions in the temporo-parietal junction, in the VLBW group, which is consistent with previous reports on younger cohorts (Bjuland et al., 2013; Martinussen et al., 2005; Nam et al., 2015; Sølsnes et al., 2015a) . We found reduced FA in the VLBW group in the left and right uncinate fascicles and the forceps minor, which project to the frontal regions that show increased cortical thickness in VLBW. Finally, we present novel evidence that reduced fractional anisotropy (FA) in forceps minor mediates cortical thickening in the medial superior frontal gyrus (SFG) and the orbitofrontal cortex (OFC), in adults born preterm with VLBW. In the left hemisphere 13%, and in the right hemisphere 22%, of the effect on cortical thickness of being born preterm with VLBW, was mediated by reduced FA in forceps minor. Although this is an observational study, and as such does not prove biological causation, these findings are consistent with the hypothesis that cortical development is affected by white matter injury in VLBW (see 4.7 Limitations for a discussion of causal inferences).
Underlying cellular mechanisms
Cortical thickness was reduced in the temporo-parietal junction (inferior parietal gyrus, posterior lateral temporal lobe, supramarginal gyrus), where gray matter structures are vulnerable to the effects of periventricular leukomalacia (PVL) (Pierson et al., 2007) , either present as focal gliotic lesions (with or without cysts) or as more diffuse white matter damage. We do not have high-quality neonatal imaging data on focal (cystic and non-cystic) pathology, as no neonatal MRI was available and ultrasonography was typically used only within the first days after birth in the late 1980s. This is not optimal for detecting focal PVL, which tends to evolve during the first 2-3 weeks after birth. It was not possible to diagnose diffuse PVL with the ultrasound equipment used in the NICU at the time.
The literature suggests that axonal injury and neuronal loss are associated with significant necrotic white matter damage, as results from focal cystic PVL (Back and Miller, 2014) . This is consistent with a reduction in FA, as observed in the forceps minor in this study, together with reduced AD -a marker of axonal injury (Song et al., 2003) . The underlying mechanism for neuronal loss appears to be axonal degeneration, with retrograde and anterograde (Wallerian, trans-synaptic) effects leading to secondary gray matter degeneration in the overlying cortex (Back, 2014; Volpe, 2009 ). In addition, the preterm brain is enriched with immature neurons that do not degenerate in response to ischemia (Dean et al., 2013) but nevertheless display disturbances in maturation of dendritic arbors and synapse formation in the cortex (Back, 2014) . There is evidence that although mild or moderate hypoxia-ischemia rarely leads to neuronal loss, it may ultimately affect the development of cerebral networks and lead to reduced connectivity (Dean et al., 2014) . Severe focal PVL is less common in modern cohorts (Buser et al., 2012; Hamrick et al., 2004) but not unlikely in our cohort from the 1980ies. Thus, it is possible that the bilateral cortical thickness reductions in the temporo-parietal junction seen in this study can be explained by a combination of undiagnosed focal PVL, with concomitant neuronal degeneration, and primary cortical dysmaturation caused by prenatal oxidative stress.
The present findings suggest most of the effect of VLBW on cortical thickness in the frontal lobe is independent of white matter injury. However, one factor in the apparent thickening of the frontal cortex in VLBW may be reduced myelination in white matter tracts located within and near the deepest layers of the cortex. Unmyelinated axons can give a T1 signal similar to gray matter, so it is possible that increased cortical thickness (as it appears on MRI) reflects dys-or demyelination in these pathways (Rimol et al., 2016) . Significant group differences in FA were only observed in the middle portions of the pathways but since there was greater across-subjects variability towards the extremes of the pathways Fig. 1 . Forceps minor and uncinate fasciculus project to frontal cortex (orbitofrontal and anteromedial superior frontal gyrus); forceps major projects to the medial occipital and parietal cortex (medial occipital gyrus, cuneus, and precuneus); the superior longitudinal fasciculus projects from the frontal lobe to the temporo-parietal junction. 
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The (see Limitations), we cannot rule out similar FA reductions there. The usual progression of cortical development after childhood is toward cortical thinning due to elimination of synapses ("pruning"). Selective elimination of cortical synapses is a crucial biological process that begins around 7-10 years (Jeon et al., 2015) , or with the onset of puberty (Goldman-Rakic et al., 1997) , and likely serves to increase efficiency in cognition and behavior (Giedd, 2004) . Dendritic elimination is regulated by several neurotrophic factors (Callaway and Borrell, 2011; McAllister et al., 1996) that are believed to act preferentially on active neurons (McAllister et al., 1996) . It is possible that dysregulation of trophic factors could affect activity dependent elimination processes, perhaps adversely affected by damage to cortico-cortical connections, leading to arrested pruning and thicker cortex.
Although it may seem unlikely at age 26, we cannot rule out the possibility that pruning is simply delayed in the frontal lobe in our VLBW participants. Despite the widely accepted view that pruning is completed by the end of adolescence (Huttenlocher, 1979) , it has recently been demonstrated that elimination of dendritic spines on pyramidal neurons in the dorsolateral prefrontal cortex goes on well into the third decade of life (Petanjek et al., 2011) . If this is the case, the observed cortical thickness differences may still to some extent be reversible. Finally, an alternative hypothesis is that damage to long association fibers (as are found in forceps minor) could result in axotomized pyramidal cells being "transformed from long-projective neurons into local-circuit interneurons with an intracortical distribution of their axons" (Marin-Padilla, 1997) . This may in turn lead to local neuronal hypertrophy and increased neuropil, contributing to an actual increase in cortical thickness in VLBW. It is unlikely that this can fully explain the mediation effects observed here, but it could be a contributing factor.
Lack of mediation findings in the occipital lobe
Why did FA act as a statistical mediator for increased cortical thickness in the frontal lobe and not in the occipital lobe? Group differences in cortical thickness were observed in the medial occipital lobes, with increased thickness in the VLBW group, but these were smaller and less extensive than in the frontal lobes. The cortical regions displaying a substantial increase in thickness comprised a smaller proportion of the entire endpoint region for forceps major than was the case for forceps minor, which may explain the lack of statistical mediation effects for forceps major. It is of course also possible that as frontal regions mature later (Oishi et al., 2011) , they may be more susceptible to peri-and postnatal insults, including white matter injury, than posterior sensory regions.
Decreased FA in forceps minor and uncinate fasciculus
We found FA reductions in the VLBW group in the left and right uncinate fascicles and forceps minor, as well as trend-level reductions in forceps major. In general, a decrease in white matter FA may occur because diffusivity parallel to the tract (AD) decreases, diffusivity perpendicular to the tract (RD) increases, or both. The precise cause of Fig. 2 . Pointwise analysis of FA data. The figure shows significance tests of group differences in FA along left and right uncinate fasciculus (A), forceps minor (B), and forceps major (C). The tracts were divided into 2.5 mm long segments in each subject's native space, and a weighted FA average was obtained from each segment. The p-values are derived from general linear models fitted for each segment along the tract, with FA as dependent variable, group (term-born controls, VLBW) and sex as categorical predictors, and co-varying for age at scan and the total motion index. The false positive rate was controlled by only including findings that show a significant group difference (p < .05) over a contiguous segment of at least 1 cm in length. Yellow segments represent significantly reduced FA in VLBW relative to term-born controls. Fig. 3 . Cortical endpoint regions. The figure displays the cortical endpoint regions for left uncinate fasciculus (upper panel), forceps minor and forceps major (bottom panel). The endpoint regions were localized in each subject's native space, and cortical thickness data were extracted from the region. In order to visualize the locations of endpoint regions across subjects, the regions were registered to a common space (fsaverage from FreeSurfer). The maps show in what percentage of subjects a given location (vertex) was included in the cortical endpoint region. Thus, red locations were represented in around 40% of endpoint regions, yellow locations in (at least) 80% of endpoint regions.
changes in FA is difficult to determine (Boretius et al., 2012 ) but a general assumption is that AD reduction, as observed in forceps minor in the present study, is related to poor organization of fiber structure and/or axon injury, whereas increased RD, observed in both uncinate fascicles, tends to reflect hypo-or demyelination and/or reduced axonal diameter or density (Oh et al., 2004; Song et al., 2002 Song et al., , 2003 . Hypomyelination in VLBW is associated with diffuse PVL, in which the main cellular targets are pre-oligodendrocytes (preOLs) -precursors to the myelinating oligodendrocytes -which are sensitive to hypoxia and abundant in cerebral white matter after term. Damage to preOLs involves "a disrupted cellular response" whereby preOLs fail to differentiate and mature into myelinating oligodendrocytes (Buser et al., 2012) . In diffuse white matter damage, necrosis and axonopathy do not appear to contribute substantially to myelination failure.
Low FA values have been associated with adverse long-term outcome in the preterm population (Allin et al., 2011) . Multiple studies have reported reduced FA in the corpus callosum of preterm born children and adolescents (Anjari et al., 2007; Counsell et al., 2007 Counsell et al., , 2008 Vangberg et al., 2006) , albeit not specifically in the forceps minor. Reduced FA in uncinate fasciculus has previously been reported in adolescents (Constable et al., 2008; Mullen et al., 2011) and adults (Allin et al., 2011) born very preterm. There is disagreement as to the exact functions of the uncinate fasciculus but there is evidence implicating it in language-related functions, such as auditory working memory (Dick and Tremblay, 2012; Papagno, 2011 ) and lexical and semantic retrieval (Von Der Heide et al., 2013) . Notably, the right uncinate fasciculus has been found to be associated with reading skills in studies of full term children (Travis et al., 2017) and reading skills and verbal IQ in several studies of preterm children (Constable et al., 2008; Feldman et al., 2012; Mullen et al., 2011; Schaeffer et al., 2014; Travis et al., 2017) .
Finally, it should be noted that this study was limited to pathways that project to cortical regions showing aberrant cortical thickness in VLBW. Previous studies on the present cohort demonstrated FA reductions in other parts of the corpus callosum, and the fronto-occipital fasciculus/ inferior longitudinal fasciculus, using alternative methods of DTI analysis (Eikenes et al., 2011; Skranes et al., 2009; Vangberg et al., 2006) .
Increased FA in the superior longitudinal fasciculus
FA was increased in the right parietal superior longitudinal fasciculus (SLF) in the VLBW group. We have previously shown increased FA in the right SLF in the same cohort at 23 years (Eikenes et al., 2011) and in another Norwegian cohort at nine years (Sølsnes et al., 2015b) . Increased FA may reflect decreased numbers of crossing fibers, possibly related to axonal loss, and/or high myelin content in specific pathways. Consistent with reduced branching or crossing, AD was increased bilaterally in the parietal SLF in the VLBW group. RD was increased in the right SLF (temporal and parietal), which may reflect increased myelination, possibly from compensatory processes in the VLBW brain. However, increased myelination appears to be most likely within white matter tracts demonstrating single fiber orientations (De Santis et al., 2014) . A detailed analysis of the various segments along the tract, revealed that the FA increase was mainly present in the corona radiata/centrum semiovale region, where especially descending motor fibers cross the association fibers of the longitudinal fasciclus, as well as commissural and other association fibers (see Supplementary figure S1 ). The interpretation of increased FA is not straightforward in a crossing fiber region (Douaud et al., 2011; Jones, 2010) , but it could occur as a result of selective disruption to one of the fiber populations present (Tuch et al., 2005) . Hence, the present findings may reflect a reduction in the number or density of crossing fibers, from axonal loss in several white matter pathways in the VLBW group. These findings are to some extent consistent with previous literature; studies of preterm/VLBW cohorts have found conflicting results in the corona radiata/centrum semiovale region, including reduced FA (Anjari et al., 2007; Constable et al., 2008; Huppi et al., 1998 Huppi et al., , 2001 , increased FA (Gimenez et al., 2008; Groeschel et al., 2014; Jurcoane et al., 2016; Rose et al., 2008) , and no difference in FA relative to term-born controls (Cheong et al., 2009) .
Studies have estimated that the majority of white matter voxels (60-90%) contain crossing fibers (Jeurissen et al., 2013) . The TRACULA tractography uses a ball and stick model that accounts for fiber crossings, but the FA values themselves still come from the tensor model and are therefore subject to the usual confounds. Additional neuroimaging techniques may be required to obtain voxel-based estimates for the proportion of crossing fibers and tissue myelination (Abhinav et al., 2014) , in order to further our understanding of the neurobiological underpinnings of decreases and increases in FA in the VLBW population (Travis et al., 2015) . This may be especially true in regions with a high degree of fiber crossing, where it is particularly challenging to distinguish among the various interpretations for FA.
The influence of modern NICU treatment
We previously reported increased cortical thickness in frontal regions and decreased thickness in temporo-parietal regions, but few signs of white matter injury, in 9 year-olds born with VLBW in the 2000s (Sølsnes et al., 2015a) . We speculated that reduced white matter injury may reflect improved neonatal intensive care (Sølsnes et al., 2015b; Rimol et al., 2016) because white matter development is vulnerable to postnatal morbidity, whereas cortical development may be more likely to be compromised already in utero (Thomason et al., 2017) . In general, dMRI studies of the preterm population seem to find more FA reductions in young adults than in adolescents (Eikenes et al., 2011) , and there is evidence from animal studies that long-standing activation of microglia can lead to chronic inflammation in white matter that continues to affect myelination long after birth (Wideroe et al., 2011) . If this is the case, early white matter injury in VLBW is not only irreversible but has increasing impact over time, involving also late myelinating tracts such as the association tracts projecting to frontal areas (Eikenes et al., 2011) . It is therefore possible that frontal lobe white matter injury has not yet reached its maximum impact in younger preterm/VLBW cohorts and may, thus, be harder to detect, particularly in small samples. However, even assuming there is progressive white matter injury in VLBW; it is still unclear how this is related to seemingly static gray matter lesions from late childhood up until the mid-twenties. Studies of white matter and gray matter integrity in younger preterm/VLBW cohorts could provide information on the timing of gray and white matter deviations after preterm birth but, ultimately, longitudinal studies are necessary in order to determine whether the observed group differences seen here and in other studies reflect sustained injuries from birth, or delayed differences that reflect altered maturation (Travis et al., 2015) .
VLBW in a lifespan perspective
Being born preterm with VLBW was associated with thicker cortex in the orbitofrontal gyri and the rostral medial superior frontal gyrus (SFG). These results are similar to previous findings from the same VLBW cohort at age 15 (Rimol et al., 2016) and age 20 , as well as an English VLBW cohort of 15 year-olds (Nam et al., 2015) . In a recent longitudinal study on the present cohort, we did not find any evidence of a group difference in the developmental trajectories for cortical thickness from 15 to 20 years (Rimol et al., 2016) . Taken together, these findings are consistent with static group differences in cortical morphology between VLBW and term-born controls from age 15 to age 26. However, longitudinal image processing and statistical analyses are required to draw firm conclusions about developmental trajectories between 20 and 26 years. Since a higher field strength scanner (3T) was used at 26 years, replacing the 1.5T scanner used in the previous studies at 15 and 20 years, longitudinal analyses were not feasible here.
Limitations
We demonstrate evidence of statistical mediation by utilizing a novel analytic tool that allows for directly linking each subject's white matter and cortical thickness data with anatomical precision (in native space). For our mediation analyses to be valid, and allow for a causal interpretation of the observed associations, the mediator (FA) cannot be a confounding variable, i.e., it cannot both cause VLBW (the exposure variable) and increased cortical thickness (the outcome) (MacKinnon and Dwyer, 1993) . We argue that the direction of causality goes from VLBW to FA, as it is implausible that reduced FA causes preterm birth or VLBW.
It should be noted that VLBW/preterm birth here serves as a proxy for several pre-and postnatal factors that may contribute to deviant adult brain structure. Fetal growth restriction (FGR), which may affect prenatal brain development and lead to VLBW, is likely caused by a range of pathophysiological factors that affect the intrauterine environment and, potentially, prenatal brain development. The most common such factors are poor placental function, causing malnutrition, and hypoxia in utero (McMillen et al., 2001; Pollack and Divon, 1992) . Adverse neurodevelopmental effects are, however, not limited to prenatal brain damage. Although preterm birth is usually triggered by prenatal pathology, it is is likely to be the result of a cascade of adverse events that are initiated during pregnancy and continuing at or after birth. For instance, inflammation may lead to placental dysfunction and/or FGR, which may both harm the fetal brain and render it vulnerable to perinatal injury caused by respiratory and circulatory disturbances, insufficient nutrition, the stressors of the NICU environment et cetera. This paints a complex picture of unmeasured pre-and peri-/postnatal causal factors which could, in theory, affect both the exposure variable (VLBW) and the mediator (FA), as well as the outcome variable (cortical thickness), and hence act as unmeasured confounders. This could affect the validity of the causal assumptions made in the mediation analysis and thus, by extension, any inferences made about causal mechanisms (Valeri and Vanderweele, 2013) . The remedy for unmeasured confounders is to measure them and include them in the statistical analysis. A limitation of this study is the lack of relevant clinical data, such as high quality ultrasound data (to detect fetal growth restriction) and high quality clinical data describing postnatal morbidity, which could help control for various pre-and postnatal causal factors that influence brain growth.
Understanding the relationship between white and gray matter in normative brain development will require neuroimaging in large population studies, which is currently limited. In spite of these limitations, the current method seems promising as a means to investigate the relationship between white and gray matter injury in VLBW, or other clinical populations.
Finally, the pointwise FA analyses visualized in Fig. 2 were based on across-subject alignment from the center of the pathway, without nonlinear volumetric inter-subject registration. Therefore, we are most confident that we are comparing anatomically homologous regions in the central portion of the pathway. Since the length of the pathway differs across individuals, the number of subjects with data is reduced towards the extremes, particularly in the final 1-1.5 cm of the pathway. In addition, across-subject variability typically also increases towards the end of a pathway. Statistical power to detect group differences is therefore reduced there and the risk of committing Type II errors (false negatives) is increased.
Conclusions
We confirmed our first hypothesis that cortical thickness is still aberrant in individuals born with VLBW in their late 20ies, including frontal and occipital increases and temporo-paretial decreases in cortical thickness. We also confirmed our second hypothesis that FA is reduced in VLBW, in several white matter pathways projecting to cortical regions with aberrant cortical thickness, indicating compromised white matter integrity. Finally, we confirmed our third hypothesis, demonstrating that cortical thickening in orbitofrontal and anterior frontal brain regions in VLBW is partly mediated by lower FA in the forceps minor of the corpus callosum, which suggests cortical development in these regions is sensitive to white matter injury. The current method, using TRACULA to project white matter tracts onto the cortical surface to measure cortical thickness and employing statistical mediation analysis, appears promising as a means to investigate the relationship between white and gray matter injury in clinical populations.
